Abstract Methane conversion has been studied using gliding arc plasma in the presence of argon. The process was conducted at atmospheric pressure and ambient temperature. The focus of this research was to develop a process of converting methane to C2 hydrocarbons and hydrogen. The main parameters, including the CH4/Ar mole ratio, the CH4 flow rate, the input voltage, and the minimum electrode gap, were varied to investigate their effects on methane conversion rate, product distribution, energy consumption, carbon deposit, and reaction stability. The specific energy requirement (SER) was used to express the energy utilization efficiency of the process and provided a practical guidance for optimizing reaction conditions for improving energy efficiency. It was found that the carbon deposition was not conducive to methane conversion, and the gliding arc plasma discharge reached a stable state twelve minutes later. Optimum conditions for methane conversion were suggested. The maximum methane conversion rate of 43.39% was obtained under the optimum conditions. Also, C2 hydrocarbons selectivity, C2 hydrocarbons yield, H2 selectivity, H2 yield and SER were 87.20%, 37.83%, 81.28%, 35.27%, and 2.09 MJ/mol, respectively.
Introduction
With growing shortages of petroleum resources, more and more attention has been focused on the exploitation and utilization of natural gas. Natural gas containing primarily methane (above 95%) is increasingly expected to be one of the main resources for the production of chemicals and liquid fuels [1] . However, the oxygen-free coupling of methane to C 2 hydrocarbons and hydrogen is very difficult to achieve using the traditional catalytic method due to the high dissociation energy of the C-H bond of methane molecules. It is an unfavorable reaction from the view point of thermodynamics. Studies on methane conversion have also been carried out by means of steam reforming [2, 3] , CO 2 reforming [4∼6] , partial oxidation reforming [7, 8] and catalytic reforming [2∼9] . However, steam reforming requires external heat sources and high-pressure steam, which leads to a need for larger equipment. Also steam reforming and CO 2 reforming techniques are endothermic reactions, which require external heat sources. Partial oxidation reforming reactions are exothermic reactions, and compared with the steam reforming and the CO 2 reforming reactions, the external heat source problem is small [10] . In catalytic reforming, the serious coke formation and deposition on the catalyst surface result in rapid catalyst deactivation [11] . The catalyst needs a specific temperature which is usually 100 o C∼200 o C higher than room temperature to activate the catalytic site. It means that a heat supply is still critically required [12] .
The plasma technology is far from thermodynamic equilibrium, it is considered as a desirable method to generate energetic electrons, which can initiate a series of chemical processes such as ionization, dissociation, and excitation [13] . Generally, plasma is divided into two categories: thermal plasma called equilibrium plasma and non-thermal plasma called nonequilibrium plasma [14] , which has been widely used in the study of methane conversion. Different kinds of plasmas and operating conditions produce different product distributions. This characteristic makes it suited to chemical synthesis selection [12] . For CH 4 conversion, various plasma generation methods are used, such as glow discharge [15, 16] , dielectric barrier discharge (DBD) [13, 17, 18] , corona discharge [19, 20] , radio frequency discharge (RF)
[21∼23] , gliding arc discharge [10∼12,14] , and thermal plasma [24, 25] . Table 1 shows the general comparison between nonthermal and thermal plasma in terms of some nonphysical factors. This table clearly shows some advantages and limitations of each category [26] . The main problem in non-thermal plasmas is that the plasma density is very low. It makes it rather difficult to achieve a higher conversion at a higher flow rate. Thermal plasmas produce very high density of plasma and are capable of maintaining a high injection gas flow rate. However, the instrument used is very expensive and more power is consumed [12] . Although gliding arc plasma is classified as non-thermal plasma, it does have some thermal plasma characteristics. Gliding arc plasma integrates non-thermal plasma and thermal plasma advantages, and is thus able to produce more energetic radical species compared to other types of non-thermal plasmas [27] . The gliding arc discharge has the strong point of simple response control, high-energy efficiency and environmental friendliness that helps it to develop into a new modern technology [14] . At present, gliding arc plasma has already gained a better position in large-scale volatile organic compounds processing [27] , pollution control [28] , greenhouse gas processing [26, 29] , etc. It has become one of the hot spots in plasma research.
In this study, gliding arc plasma was used to convert methane to C 2 hydrocarbons and hydrogen. The influences of important plasma variables, such as CH 4 /Ar mole ratio, CH 4 flow rate, input voltage, and minimum electrode gap are investigated.
2 Experimental setup and methods
Experimental setup
The schematic diagram of the experimental setup is shown in Fig. 1 . The setup consists of three parts: gliding arc plasma reactor, flow control device and gas chromatography. Fig. 2 shows the gliding arc plasma reactor used for methane conversion. The reactor body is made from a glass tube with an inner diameter of 48 mm and a length of 110 mm. A pair of knife-shaped stainless steel electrodes is connected at 180 o to the inside of the reactor, and a high-voltage AC power supply (CTP-2000) is connected to the electrodes. The length of the electrodes is 80 mm. The closest electrode gap can be adjusted to match the operating condition. Argon is used as the diluents, and CH 4 and Ar flow rates were measured by a mass controller with accuracy of 1 mL/mim. The mixture of CH 4 and Ar was introduced through a nozzle with an inner diameter of 0.1 mm. The products were analyzed by gas chromatography (GC), and TCD was used as a GC detector. For the analysis columns, TDX-01 (2 m×3 mm) was used for H 2 and CH 4 and Hevy Seep DB (3 m×4 mm) for C 2 H 2 , C 2 H 4 , C 2 H 6 and C 3 H 8 . The product flow rates were measured by using a bubble flow meter, and a wet test meter was connected to the end of line for checking purposes. This paper presents experimental results on the conversion of methane in the presence of a gliding arc plasma. Parametric studies were achieved in terms of CH 4 /Ar mole ratio, CH 4 flow rate, input voltage, and minimum electrode gap. Table 2 shows the experimental range for various parameters. 
Experimental methods
The methods of data analysis are shown in the following Eqs. (1)∼(6).
(1) where F 0−CH4 is the CH 4 mole rate in the feed gases (mmol/s) and F 1−CH4 is the CH 4 mole rate in the products (mmol/s). C 2 hydrocarbons and H 2 selectivities for the converted methane were calculated as shown in Eqs. (2) and (3), respectively.
where F C2 is the C 2 hydrocarbon mole rate in the products (mmol/s) and F H2 is the H 2 mole rate in the products (mmol/s). The 0.5 in the C 2 hydrocarbons selectivity and 2 in the H 2 selectivity are multiplied to the mole rate of the converted methane because the number of moles of C 2 hydrocarbons and H 2 that can be produced from the methane are 0.5 and 2.
C 2 hydrocarbons and H 2 yields were calculated as shown in Eqs. (4) and (5), respectively.
The specific energy requirement was calculated as shown in Eq. (6). Specific energy requirement (SER) (MJ/mol) = Input plasma power
where input plasma power is input electric power (W) supplied to the gliding arc plasma reactor.
3 Results and discussions
Effect of CH 4 /Ar mole ratio
The experimental series were started by varying the CH 4 /Ar mole ratio to the reactor. The CH 4 /Ar mole ratio was changed within the range of 0.23 to 1.64, while the input voltage and minimum electrode gap were kept unchanged at 22 V and 4 mm, respectively. At a higher CH 4 /Ar mole ratio of 1.64, carbon deposition was formed on the electrode surface, which was adverse to the discharge reaction. When the CH 4 /Ar mole ratio was lower than 0.23, fewer methane molecules was dissociated in the plasma reactor. Therefore, the CH 4 /Ar mole ratio varied in the range of 0.23 to 1.64. Fig. 3 shows the effect of CH 4 /Ar mole ratio on CH 4 conversion rate, product distribution and SER. CH 4 conversion rate and SER showed a similar trend. As the mole ratio of CH 4 /Ar increased, the CH 4 conversion rate decreased from 40.8% to 27.42% and SER was lowered from 2.61 MJ/mol to 1.89 MJ/mol, respectively. SONG et al. reported that argon had a meta-stable energy level which could help the dissociation of the C-H bond in methane molecules. The existence of metastable argon in the plasma system would increase the number of energetic unstable species and the possibility to react with methane [12] . However, argon also had an adverse effect on CH 4 conversion. The densities of electrons and active particles were reduced as the argon flow rate increased. Therefore, it was essential for CH 4 conversion to control Ar flow rate. Fig.3 The effect of the CH4/Ar mole ratios (color online) C 2 hydrocarbons selectivity, H 2 selectivity, C 2 hydrocarbons yield and H 2 yield were all decreased as the mole ratio of CH 4 /Ar increased. It can be explained from the point of view of CH 4 concentration. The CH 4 concentration increased with the increase of the CH 4 /Ar mole ratio. The average densities of electron and active particle varied with the CH 4 concentration. Consequently, each CH 4 molecule in a higher concentration shared fewer electrons and active particles, which resulted in a reduced chance for CH 4 to dissociate into CH 3 ·, CH 2 ·, CH· and H·.
3.2 Effect of CH 4 flow rate CH 4 flow rate was an important factor in the gliding arc plasma reaction. The data were acquired under the following conditions: Ar flow rate 52 mL/min, input voltage 22 V, minimum electrode gap 4 mm. Fig. 4 shows the effect of the CH 4 flow rate. The CH 4 flow rate was controlled within the range of 14∼66 mL/min. When the CH 4 flow rate was larger than 66 mL/min, intermittent discharge was formed. The CH 4 conversion rate was only 21.44% at a CH 4 flow rate of 66 mL/min. Therefore, the maximum CH 4 flow rate was 66 mL/min. Fig.4 The effect of the CH4 flow rates (color online)
The CH 4 conversion rate and SER decreased due to the decreased residence time at the discharge area by increasing the flow rate of CH 4 for the same size of nozzle diameter [30] . It was known that the feed gases had to stay in the plasma reactor for enough time to complete the reaction. When the residence time decreased, the possibility of the collision between CH 4 molecules and electrons decreased, leading to lower conversions of CH 4 . However, more CH 4 molecules were converted in the case of higher gas flow rates rather than in the case of lower ones. Therefore, SER decreased to 1.39 MJ/mol at 66 mL/min of CH 4 flow rate.
As the CH 4 flow rate increased, C 2 hydrocarbons selectivity fluctuated around 90% while H 2 selectivity, C 2 hydrocarbon yield, and H 2 yield decreased from 81.28%, 37.83% and 35.27% to 59.66%, 17.50% and 12.79%, respectively. The residence time decreased with the increase of the CH 4 flow rate [14] . Therefore, CH 3 ·, CH 2 ·, CH· and H· did not have enough time to generate C 2 H 2 , C 2 H 4 , C 2 H 6 and H 2 . In addition, the probability of carbon deposition increased with the rising of the CH 4 flow rate. Carbon deposition would lead to the occurrence of intermittent discharge. The CH 4 conversion rate increased gradually as input voltage increased. The residence time was constant under the selected operating condition. The electric field strength between the electrodes increased with the rising of the input voltage. As a result, more energetic electrons were available for methane activation [28] . A higher input voltage produced more available electrons to initiate the conversion of CH 4 by collision. It was a fact that the quantity of electric transfer between the electrodes increased with the increase of the input voltage with the fixed geometry of an electrode [31] . In this process, the supplied power to the reactor was around 7.60 W at the input voltage of 20 V and increased by 1.15 W per 1 V increment of input voltage, resulting in an increase in SER.
Effect of input voltage
The product selectivity and yield increased with the rising of the input voltage, and reached the maximum at the input voltage of 22 V. It was mainly because the increase of input voltage led to the increase of the number of high-energy electrons. High-energy electrons collided with the CH 4 molecules and induced radical reactions. However, CH 4 , CH 3 ·, CH 2 · and CH· further disintegrated as the input voltage increased up to 23 V, as shown in Eqs. (7)∼(10). A significant amount of coke formed on the electrode surface. As a result, the yields of C 2 hydrocarbons and H 2 declined.
CH 3 · +e * → C· +H 2 + H· +e (8)
CH· +e * → C· +H· +e (10) 3.4 Effect of minimum electrode gap Fig. 6 presents the effect of the minimum electrode gap. The minimum electrode gap was changed from 2 mm to 4 mm, while the CH 4 flow rate, the Ar flow rate and the input voltage were fixed at 22 mL/min, 52 mL/min and 22 V, respectively.
As the minimum electrode gap increased, the CH 4 conversion rate increased from 23.43% to 33.36%, and SER increased from 1.64 MJ/mol to 2.01 MJ/mol, respectively. The plasma region increased with the increase of the minimum electrode gap, which resulted in an increased chance for methane molecules to collide with electrons and active particles. However, as the minimum electrode gap was larger than 4 mm, it became more difficult to maintain the discharge in a stable state. Meantime, higher breakdown and working voltages were needed for larger electrode gaps. Therefore, the adequate minimum electrode gap was 4 mm according to the above considerations. As the minimum electrode gap increased from 2 mm to 3 mm, C 2 hydrocarbon selectivity and H 2 selectivity decreased while the opposite trend was observed for the minimum electrode gap from 3 mm to 4 mm. The yields of C 2 hydrocarbons and H 2 increased as the minimum electrode gap increased. The residence time and reaction volume clearly increased with the increase of the minimum electrode gap [31] , which resulted in an increase in the number of CH·, CH 2 ·, CH 3 · and H· molecules. Then some active radicals were continuously coupled to form C 2 hydrocarbons and H 2 .
Effect of carbon deposition
One of the important parameters for CH 4 conversion using gliding arc discharge was carbon deposition. The number of CH X · (X=1, 2, 3) increased with the decrease of X after CH 4 molecules were bombarded by high-energy electrons. A few minutes later, carbon deposition was found on the electrode surface. Fig. 7 shows the influence of carbon deposition. In order to observe conveniently, CH 4 flow rate, Ar flow rate, input voltage and minimum electrode gap were fixed at 46 mL/min, 52 mL/min, 22 V and 4 mm, respectively. Fig.7 The effect of the level of carbon deposit (color online)
With the advancement of carbon deposition, the CH 4 conversion rate decreased from 24.93% to 22.83% while the SER increased from 1.54 MJ/mol to 1.88 MJ/mol, respectively. When a large amount of carbon was formed on the electrode surface, the discharged electrodes would be connected with an arc wire, which led to a short circuit. C 2 hydrocarbon selectivity increased when a small carbon deposit existed on the electrode surface; H 2 selectivity and H 2 yield increased while the yield of C 2 hydrocarbons decreased with the advancement of the carbon deposit. The reaction system followed the balance: C 2 H 2X ⇔2CH X · ⇔ 2C· + 2XH·. Chemical equilibrium moved to the reverse direction according to the migration theory when little carbon deposit existed. However, C 2 hydrocarbon selectivity decreased significantly as the carbon deposition was further advanced. Additionally, more hydrogen was inevitably formed according to the reaction CH 4 = C + H 2 . In general, carbon deposition was not conducive to CH 4 conversion. Table 3 presents the test results of reaction stability. In this experiment, the discharge time varied from 2 min to 92 min while products were analyzed every ten minutes. CH 4 flow rate, Ar flow rate, input voltage and minimum electrode gap were fixed at 22 mL/min, 52 mL/min, 21 V and 4 mm, respectively. The reaction discharge status was stable in the absence of serious carbon deposition. Experimental results showed that the reaction achieved a stable state twelve minutes later, and each parameter fluctuated around a fixed value. Interestingly, C 2 hydrocarbon selectivity increased gradually forty minutes later. It can be explained from the point of view of carbon deposition. C 2 hydrocarbon selectivity increased when little carbon deposition was formed on the electrode surface. This was consistent with the effect of carbon deposition. Fig. 8 shows that C 2 unsaturated hydrocarbons were the main C 2 hydrocarbons found. The proportion of C 2 unsaturated hydrocarbons was more than 94%. It is a good experimental result because C 2 unsaturated hydrocarbons are more valuable and a useful gas compared to C 2 saturated hydrocarbons. C 2 unsaturated hydrocarbons are more reactive than C 2 saturated hydrocarbons and have a higher possibility to be converted into valuable products. Fig.8 The distribution of C2 hydrocarbons (color online) Fig. 9 shows the effect of the discharge time on C 2 saturated hydrocarbons and C 2 unsaturated hydrocarbons. As discharge time increased, it was easier to produce C 2 saturated hydrocarbons rather than C 2 unsaturated hydrocarbons. The main reason was that the CH 3−X · +XH· = CH 3 · reaction would occur with the increase of the discharge time, resulting in an increase in the number of CH 3 · molecules. It is proved that a longer discharge reaction is beneficial to the formation of saturated hydrocarbons rather than unsaturated hydrocarbons. Fig.9 Effect of discharge time on C2 hydrocarbons (color online)
Effect of reaction stability

Reaction mechanism
Most electrical energy (E) in a gas discharge goes into the production of energetic electrons. The electron is accelerated by an electrically enhanced field to form high-energy electron e * . High-energy electron e * reacts with methane and argon molecules via inelastic collisions to form active CH 3 ·, CH 2 ·, CH· and H· [32] . Then some active radicals are continuously coupled to form C 2 hydrocarbons and hydrogen. Through above parametric study, the mechanism of methane conversion by discharge plasma process can be summarized as follows:
Methane decomposition reactions:
e + E → e * (11)
CH· +e * → C· +H· +e (15) Argon as diluents will be involved in some extra reactions in the plasma zone. The argon atoms in their ionic or excited states behave as the catalyst. The ionized species in the plasma can be involved in the chargeexchange and electro-ion recombination reactions [33] .
Ar + e → Ar + + 2e (16) Ar + e → Ar * + e (17) 
Conclusion
Under gliding arc plasma, methane conversion produced C 2 hydrocarbons (mainly for the C 2 unsaturated hydrocarbons), hydrogen, and carbon (C) solid as the main products, with no C 3 hydrocarbons or other hydrocarbons and liquid products generated.
The conversion of methane has been investigated using gliding arc plasma. Parametric studies were carried out by changing CH 4 /Ar mole ratio, CH 4 flow rate, input voltage, and minimum electrode gap, which mainly affected methane conversion. The additive gas was an important influencing factor in methane conversion, which was not only a sort of thinner, but also a catalyst for the breaking of the C-H bonds in methane. Therefore, when an adequate amount of argon was introduced into the plasma region, the methane conversion could be greatly increased.
Optimum operating conditions for producing C 2 hydrocarbons and hydrogen from methane were studied. The optimum conditions were obtained as follows: CH 4 /Ar mole ratio of 0.27, CH 4 flow rate of 14 mL/min, input voltage of 22 V and minimum electrode gap of 4 mm. The maximum CH 4 conversion rate of 43.39% was achieved under the optimum conditions. 
